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Self-assembly
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Nature does 
very well
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Self-assembly
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Scientists do 
reasonably well
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Equilibrium self-assembly - where is the problem
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System evolves to state with lowest 
thermodynamic potential (G, H,…) 

but… 

• resulting assembled structures often irregular, polydisperse 
• spherical colloids assemble only into dense ordered 

structures (fcc, bcc, hcp,…) 
…

→   Directed Self-Assembly 
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Directed self-assembly (DSA), an introduction
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DSA

building blocks with 
programmed instructions: 
specificity, directionality,…

L. Cademartiri and K. J. M. Bishop, Nature 
Materials (2015)

S. Sacanna et.al. 
Nature (2010)

Y. Wang et al. Nature (2012)

Q. Chen et al., 
Nature (2011)

external fields driving SA

A. Yethiraj & A. van 
Blaaderen, Nature (2003)

J. McMullan & N. Wagner, 
J. Rheol. (2009)

J. Crassous et al., Nature 
Comm. (2014)

use of templatesWang & Möhwald, J. 
Mater. Chem. (2004)

A. Demirörs et.al. 
Nature (2013)

J. Aizenberg et al., Phys Rev Lett (2000)
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Template-directed or driven SA
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I. Lee et al., Adv. Mat. (2002)

Chemical patterns

N. V. Dziomkina and G. J. Vancso, Soft Matter (2005)

Interface driven self-assembly

Field gradient driven self-assembly

A. Demirörs et.al. Nature (2013)

T. Bigioni et al., Nature Materials (2006)
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Template-directed crystal growth
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A. van Blaaderen et al. Nature (1997)N. V. Dziomkina and G. J. Vancso, Soft Matter (2005)

FCC
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Using magnetic moulds to assemble colloids
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A. Demirörs et.al. Nature (2013)

sensitive to material → selective forces
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Confining particles at interfaces
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two main contributions:

reduction in interfacial energy 
(Pickering emulsions)

lateral capillary interactions

Example: spherical particle of radius r = 10 nm 
adsorbing to an oil-water interface with surface 
tension   = 36 mN/m γ

E ≈ 2800 kBT
long range 

shape dependent

Dasgupta et al., Langmuir (2014)B. Binks, COCIS (2002)



Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Interface-driven monolayer self-assembly
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T. Bigioni et al., Nature Materials (2006)
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Interface-driven colloidal assemblies
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V. Manoharan, Solid State Comm. (2006)
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Building colloidal molecules through interface-driven SA
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L. Månsson et al., Faraday Discussions (2015)
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Building colloidal molecules through interface-driven SA

14

L. Månsson et al., Faraday Discussions (2015)

Controlled assembly via 
microfluidics devices
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Nanoparticle assemblies for plasmonic applications
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Very large fields strong resonances in particle chains

Karg et al., Materials Today (2015)

need large arrays 
perfect control of particle distance 

easy to fabricate 
low defect numbers
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Templates for SA of large-scale plasmonic structures
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C. Lu et al., Soft Matter (2007) 
Hanske et al., Nano Letters (2014)

Schweikart & Fery, Microchim. Acta (2009)
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Drying front driven - fast track to phase diagrams
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J. Li et al., Langmuir (2011)
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Temporarily evolving templates
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K. Stratford et al., Science (2005)

BIJEL: bicontinuous interfacially jammed 
emulsion gel

Surfactant or blockcopolymer 
mesophases as templates

J. J. Crassous et al., 
Polymer (2015)
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Template-driven self-assembly
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!
• to create better defined or specifically oriented 

(epitaxial growth) structures 
• to create well-defined 1D, 2D and 3D assemblies 
• combination of top down and bottom up 

approaches
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AC electric field driven SA
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A. Yethiraj & A. van Blaaderen, Nature (2003)
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Self-assembly of dipolar particles
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Dipolar hard spheres
Dipolar soft spheres

Hynninen & Dijkstra, Phys Rev Lett. (2005) attractive repulsive
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Self-assembly of dipolar particles
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Dipolar hard spheres
Dipolar soft spheres

Hynninen & Dijkstra, Phys Rev Lett. (2005)

application of an external ac field: 
!

• creates new structures 
• allows to induce (crystal-crystal) phase 

transition, reversibly cycle through phases 
• self-assembled structure strongly depends on 

the intrinsic isotropic potential 

attractive repulsive
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Hard vs soft dipolar particles
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Hynninen & Dijkstra, 
Phys Rev Lett. (2005)
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Self-assembly of dipolar spheres
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isotropic potential
dipolar contribution

possible contributions to the 
isotropic potential

hard sphere, 
sticky sphere

depletion 
interaction

screened 
Coulomb 
(Yukawa)

…

van der 
Waals
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Self-assembly of dipolar spheres

25

isotropic potential
dipolar contribution

possible contributions to the 
isotropic potential

hard sphere, 
sticky sphere

depletion 
interaction

screened 
Coulomb 
(Yukawa)

…

Tuneable total potential: 
!

• very different length scales 
• strength strongly dependent on particle 

properties 

van der 
Waals
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Field-driven self-assembly - key ingredients
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DSA

optimised building blocks measuring and tailoring 
interactions

in-situ and time-resolved 
characterisation of forming 

structures
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Thermoresponsive microgels as building blocks for DSA
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Thermoresponsive microgels as building blocks for DSA
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microgels are ideal building blocks because 
!

• externally tuneable volume fraction → trigger 
phase transition, annealing mechanism
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In-situ variation of the effective volume fraction
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21°C making artificial opals

Phase diagram of generic atomic system

use T-jump to increase packing fraction
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Thermal annealing
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Thermoresponsive microgels as building blocks for DSA
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microgels are ideal building blocks because 
!

• externally tuneable volume fraction → trigger 
phase transition, annealing mechanism 

• can be made into different shapes

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 32

Engineering particle shape for new DSA building blocks
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Anisotropic particles maintain thermoresponsive nature
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Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Shape and jamming

34
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Thermoresponsive microgels as building blocks for DSA
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microgels are ideal building blocks because 
!

• externally tuneable volume fraction → trigger 
phase transition, annealing mechanism 

• can be made into different shapes 
• externally tuneable interaction potential

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Tuning interparticle potentials

36

Crassous'et'al,'Langmuir,'2006'

Van$der$Waals$Core$and$Shell$
f(�p)$

Steric$
Stabiliza7on$
f(�p,�)!

Screened$Coulomb$
poten7al$with$and$
without$salt$f(�;1,$Zeff)$

�T!

PNIPAM$or$
PNIPMAM$

PS$

building reconfigurable 
molecules
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Thermoresponsive microgels as building blocks for DSA
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microgels are ideal building blocks because 
!

• externally tuneable volume fraction → trigger 
phase transition, annealing mechanism 

• can be made into different shapes 
• externally tuneable interaction potential 
!

But how do we measure/determine 
interaction potential?
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Characterising interparticle interactions in real space
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r(t)

3-D reconstruction

confocal laser scanning microscopy (CLSM)

comparison 
between 

measured g(r) 
and theory for 

Hertzian 
potential

P. S. Mohanty et al., J. Chem. Phys. (2014)
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Characterising interparticle interactions in real space
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r(t)

3-D reconstruction

confocal laser scanning microscopy (CLSM)

comparison 
between 

measured g(r) 
and theory for 

Hertzian 
potential

P. S. Mohanty et al., J. Chem. Phys. (2014)

Are CLSM just the test tube analogue of 
simulation movies?
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Technical interlude: comparing CLSM and simulations

40

Comparing g(r) 
in 2D and 3D

Problem: 
Different optical 
resolution in xy 

and z

2D 3D

P. S. Mohanty et al., J. Chem. Phys. (2014)
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Technical interlude: comparing CLSM and simulations

41

P. S. Mohanty et al., J. Chem. Phys. (2014)

Effect of effect of out-of-plane particles for 2D g(r)

0.5σ
1σ
2σ

2D g(r)
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Technical interlude: comparing CLSM and simulations

42

P. S. Mohanty et al., J. Chem. Phys. (2014)

Effect of effect of z-noise for 3D g(r)

1%
2%
5%

3D g(r)

apparently softer 
potential
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Technical interlude: comparing CLSM and simulations
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P. S. Mohanty et al., J. Chem. Phys. (2014)

Also finite scan speed, important for highly diffusive systems
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Ionic microgels as soft dipolar particles
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long-range Yukawa short-range soft

pH, T 

salt

(similar to “dusty plasma”)

J. Riest, P.S. Mohanty, P.S., C. Likos, Z. Phys. (2012)

P. S. Mohanty et al., Soft Matter (2012)
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Adding an external homogeneous ac electric field

45

balance of soft 
repulsion and dipolar 

attraction

P. S. Mohanty et al., Soft Matter (2012)
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Adding an external homogeneous ac electric field
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balance of soft 
repulsion and dipolar 

attraction

but was is the strength of the dipolar attraction?

P. S. Mohanty et al., Soft Matter (2012)
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Polarisability of ionic microgels
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8 P. SCHURTENBERGER

Fig. 6. – Magnetic colloids with tuneable size, shape and surface functionality. a) Cube-like
hematite particles; b) hematite spindles; c) large axial ratio hematite spindles (L/d = 6.5); d)
small axial ratio silica-coated hematite spindle (L/d = 2.3); e) large hematite cubes (a = 925
nm); small hematite cubes (a = 37 nm); g) uncoated hematite spindles; h) silica-coated hematite
spindles; i) polyacrylic acid functionalised silica-coated hematite spindles.

ternal electric field E0 acquire an electric dipole moment, and for su�ciently strong fields
the dipolar attraction then results in the formation of elongated structures along the field
direction. This field-induced string formation has shown to have dramatic consequences
for the rheological properties of these suspensions, and thus the name electrorheological
fluids has been coined [46]. We expect string formation to occur as a function of the
balance between the dipolar attraction and thermal energy [46]. The strength of the
dipolar interaction potential U

dip

(R) between two spheres with radius a separated by a
displacement vector R ⌘ (R, ✓,�) is given by

(1) U

dip

(R) = �4⇡✏0✏f↵2
a

6E2
0

R

3


3cos2✓ � 1

2

�

where ↵ is the frequency-dependent polarisability of the particles, and ✏0 and ✏

f

are the
vacuum permittivity and the complex dielectric constant of the fluid, respectively. For
aqueous suspensions of ionic particles several processes contribute to the polarisability
such as the permittivity mismatch of the particle and the solvent, and the di↵use double

insight from 
dielectric 

spectroscopy

conductivity 
contribution

electrode polarisation 
dominates, depends 
strongly on gap width

mobile ions within 
microgel

diffuse electric 
double layer

polarisation of the 
polymer backbone

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Watching dipolar chains assemble
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φ = 0.07

S. Nöjd et al., Soft Matter (2013)
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Analysing string cluster formation
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string 
formation 
decreases 
2D number 

density

E = 0

E = 0.052 V/µm

S. Nöjd et al., Soft Matter (2013)
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SA at higher effective volume fractions
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S. Nöjd et al., Soft Matter (2013)
P. S. Mohanty et al., Soft Matter (2012)
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SA at higher effective volume fractions
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Summary: 
!

• rich phase (state) diagram with among other 
phenomena a glass-BCT or arrested phase 
separated state 

• can trigger crystal-crystal phase transitions → 
can we learn about the underlying mechanisms? 

S. Nöjd et al., Soft Matter (2013)
P. S. Mohanty et al., Soft Matter (2012)
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temperature as an additional control parameter
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P. S. Mohanty et al., Soft Matter (2012)
S. Nöjd et al., Soft Matter (2013)
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temperature as an additional control parameter
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Summary: 
!

can cycle through phase diagram along complex 
paths 

!
but: 
!

microgels are soft and easily deformable, how do 
we know that they don’t change at high densities?  

P. S. Mohanty et al., Soft Matter (2012)
S. Nöjd et al., Soft Matter (2013)
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Technical interlude 2: How to investigate small changes 
in particles at ultra-high densities?

54

Problems of an experimentalist: 
!

• lack of resolution in CLSM 
• x-ray scattering: contribution from individual particle 

(form factor) and interparticle correlations (structure 
factor) convoluted 

!

Solutions:

become a simulator

use neutrons
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Contrast variation - or why neutrons

how can we investigate the size and structure of 
individual particles in dense suspensions?

microgels at high densities

deuterated PNIPAM 
H → D
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Combining SANS and SAXS: Shape and interactions
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Can we do the same for particles in external fields?
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Electrodes 

Neutron 
beam 

Setup in SANS 
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Summary: 
!

significant change at highest field strength → do 
particles compress at high field strength along the 

chain axis? 
!

We don’t know yet as the new large gap and the 
scaling down of the particle sizes needs field 

strengths where we see local heating 
→ back to square one 
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Investigating phase transition kinetics and mechanisms
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S. Nöjd et al., Soft Matter (2013)

particle trajectories (mean square displacement) 
indicates local melting into diffusive fluid-like structure 

followed by re-crystallisation 
!

can we quantify this?



Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Insight into solid-solid transitions
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body-centered 
tetragonal

face-centered cubic!
or !

hexagonal closed packed

E > Ecrit

P. S. Mohanty et al., PRX (2015)

φ = 1.36≫φ f

DRIVEN SELF-ASSEMBLY 17

Fig. 12. – Time resolved in-situ investigation of the field-induced FCC-BCT solid-solid tran-
sition observed in ionic microgels. a) Time evolution of the 2D particle trajectories in the
XY-plane over 300 frames (= 6 s) at �

eff

= 0.66 after the application of an electric field
E = 0.04V

rms

/µm�1. Also shown is the corresponding structure from the pair correlation func-
tion g(r) (b) and the dynamics represented by the mean square displacement h�r

2(t)i (c) in
the intermediate amorphous region calculated at t = 84 s, respectively. In c), h�r

2(t)i (red
circles) in the disordered region is compared with that from a FCC (black open circles) and
BCT crystalline state (black filled circles), respectively. ([9], reproduced by permission of The
Royal Society of Chemistry).

a Voronoi tessellation of the time series images, and then define a 2D local bond-order
parameter

(2)  
s

=

������
1

N

NX

j=1

e

si✓j

������
.

where N is the number of the nearest neighbours of a lattice point; s can be either 4
or 6; and ✓

j

is the angle between the line connecting a nearest neighbour to the lattice
point, and a reference axis. The colour maps in Fig. 13B denote regions with high six-
fold symmetry ( 6 > 0.7, colored red), high four-fold symmetry ( 4 > 0.55, colored
blue), and disordered regions (with both  6 < 0.7 and  4 < 0.55, colored white). Using
these thresholds, population fractions f6, f4 and f

dis

are then defined and calculated as
a function of time after the electric-field quench and shown in Fig. 13C.

In the initial, zero-field parent phase (FCC), approximately 95% of the particles ex-
hibit strong 6-fold symmetry, coexisting with 5% of defect-rich regions (marked by white
dashed lines). Melting begins in the defect-rich regions, which get wider with time as
local disordered regions consisting of particles in a disordered fluid state and in strings
along the Z direction emerge. This intermediate “fluid+strings” regime is however only
short, and after t = 181 s squares with 4-fold symmetry have already nucleated from

bond order analysis

summation over N nearest 
neighbours, s = 4 or 6

→ population fractions 

f6: Ψ6 > 0.7

f4 : Ψ4 > 0.55

fdis : Ψ6 < 0.7 and Ψ4 < 0.55

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Insight into solid-solid transitions

60

P. S. Mohanty et al., PRX (2015)

Transition through intermediate melting, nucleation 
and growth

Avrami eqn.

18 P. SCHURTENBERGER

Fig. 13. – Overview of the kinetics of the field-induced FCC to BCT transition for E = 0.105
V/µm, �

eff

= 1.36 and T = 20 �C. (A) Time dependent 2D confocal images taken in the bulk
at distances of 10 particle diameters from the substrate. The field direction is perpendicular to
the XY image plane. The numbers 1 and 2 correspond to regions of 6-fold and 4-fold symmetry
respectively, and the white dashed lines are drawn to highlight regions with defects. The inset
figures, obtained via a 2D Fourier transform of the images, show predominantly 6-fold symmetry
for the first 3 minutes, and predominantly 4-fold symmetry after about 7 minutes. (B) Voronoi
map color coded with bond order parameters for the images shown in (A). Color code: red:
 6 > 0.7; blue:  4 > 0.55; white:  6 < 0.7 and  4 < 0.7; green:  6 > 0.7 and  4 > 0.7.
The latter rarely or never occurs. (C) Population fractions of 6-fold (f6(t)), 4-fold (f4(t)) and
disordered (f

dis

(t)) regions as a function of time (t). Notably, f4(t) shows a sharp increase near
t = 200s, and a plateau after about 600s. The population fraction of the product phase (f4(t))
is fitted to the Avrami equation for nucleation and growth, with exponent ↵ = 4.0 (Reproduced
from ref. [50], copyright (2015) by The American Physical Society).

the disordered region and coexist with about 65% of the 6-fold symmetry regions. At
this time, there is a sharp increase in f4 with a discontinuous change in slope, which
we attribute to the nucleation of the product phase. This is followed by a more gradual
increase over the timescale of minutes, indicating the growth and coarsening of the BCT
phase. The transformation is almost complete at t = 648 s. The growth curve of the
product phase is found to be in remarkable agreement with the Avrami equation (solid
line in Fig. 13C) for nucleation and growth, f4 ⇠ (1� exp(�Kt

↵)), where the power law
exponent, ↵ ⇡ 4.0 is consistent with polyhedral grain growth in 3 dimensions [63].

Next, we study the kinetics of the reverse transition after switching o↵ the electric
field (Fig. 14). Here, the dynamics is completely di↵erent, particles move cooperatively
relative to their neighbours and transform from 4-fold to 6-fold symmetry within a very
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is fitted to the Avrami equation for nucleation and growth, with exponent ↵ = 4.0 (Reproduced
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this time, there is a sharp increase in f4 with a discontinuous change in slope, which
we attribute to the nucleation of the product phase. This is followed by a more gradual
increase over the timescale of minutes, indicating the growth and coarsening of the BCT
phase. The transformation is almost complete at t = 648 s. The growth curve of the
product phase is found to be in remarkable agreement with the Avrami equation (solid
line in Fig. 13C) for nucleation and growth, f4 ⇠ (1� exp(�Kt

↵)), where the power law
exponent, ↵ ⇡ 4.0 is consistent with polyhedral grain growth in 3 dimensions [63].

Next, we study the kinetics of the reverse transition after switching o↵ the electric
field (Fig. 14). Here, the dynamics is completely di↵erent, particles move cooperatively
relative to their neighbours and transform from 4-fold to 6-fold symmetry within a very

α = 4.0
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P. S. Mohanty et al., PRX (2015)

Diffusion-less martensitic transition, 
long-lived metastable state
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same system shows diffusive and 
martensitic solid-solid transition 
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long-lived metastable state
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after field has been 
turned off: bco → fluid

φ = 0.43< φ f
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